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ABSTRACT

"he "strens=gorroaion-fatipue" performance of several
hirh strength-aluminu alloys was investiprated hy tests of
hvdraulie ceyvlindera nnd other types of specimens. Speclimensa
ware nrenared from formlims and forring atock of alloys
201010, 7075=T6, T075-175, T079=-76, and X7080.17 and from
nremium castings nf alloy CH70=-T7. The alternatinm internal
nrassure loadine of the c¢ylinders at frequencles between 0,15
and 20 enm in corrosive environment included hold times at
lond o as much as 5.4 minutes., Corrosive environment wun
nrovided by a warm salt fop At 12 hour intervals,

Alloy 7075-T73 rated hest in the corroslon-fatlgue
teats; no stress-corrosion cracking occurred in this alloy,
and the lives of forred cvlinders subjlected to reneated loadings
to 80% of desipn stress in a corrosive environment were at
least 10 timeas as long for this alloy &s for forged cylinders
of alloys 2014=T6, 7075-T6, or 7079-T6, Fractographic examina-
t.lon showed that stress-corroslon c¢racklng as well as fatigue
eracking occurred in alloys 2014-TG, 7075-T6, and 7079-T6
In the stress-corrosion-rfatigue tests, The lnvestigation
demonstrated that stress corroslon and fatigue can interact
under certain condltions to produce fallures in shorter times
and fewer oycles than for either vhenomenon occurring by
ltself.
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corroslon=fatipue fatigue
stress-corroslion pressure
internal axlal-stress
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STRES8=CORROSION AND CORROSION=FATIQUE
SUSCEPTIBILITY OF HIGH STRENGTH
ALUMINUM ALLOYS

SECTION I

INTRODUCTION

Forped aluminum cylinders used for landing gear,
atabilizers and other airoraft systems are exposed to
various comblinations of oyclie loading in corrosive environ-
ments, Although theae components have performed well in most
applications, some narts have suffered fatigue or stress-
corroasion fallures, Such fallures have focused attention on
the need for a better understanding of the interaction of
corronion and fatigue, Corrosion-fatligue tests conducted at
normal machine speeds of 120 to 10,000 cpm do not allow
sufficient time for the corrosion or stress-corrosion action
which may oceur in less severe service environments. The
posaible interaction of corrosion and fatigue complicates the
problem,

The Air Force Materials Laboratory, in an effort to
eatablish a better baslis for selecting aluminum alloys for
hydraulic cylinders and other aircraft structural components,
sponsored this research program to study the combined effects
of stress-corrosion and corrosion-fatigue under appropriate
loading rates and exposure conditions. Two types of test were
made: (1) fatigue tests of cylinders under internal pressure in
which alloy, temper, method of fabrication, stress, external
environment and frequency were variables, and (2) tests of
coupons taken from c¢ylinder blanks, The latter 1lnclude
corrosion~fatigue tests and stress-corrosion tests of C=-rings,
corrosion-fatipgue tests of axial-stress specimens and tensille,
tear and fracture~toughness tests.




SECTION II

SUMMARY

The corrosion-fatigue and stress-corrosion
performance of several high strength aluminum alloys was
investigated by tests of hydraulice cylinders, C-rings and
axial-stress fatigue speclimens. Specimens were prepared from
forgings and forging stook of alloys 2014-T6, 7075-T6, 70Y5-T73,
7079-T76, and X7080-T7 and also from premium cast alloy CH70-T7.
The primary purpose was to evaluate these alloys and fabrica-
tion processes by tests of cylinders subjected to cyclic
internal pressure in a corrosive environment. A secondary
obJective was to determine the extent to which conventional
stress-corrosion and corrosion-fatigue tests of the same
materials would have predicted the '"stress-corrosion-fatigue"
susceptibility of the c¢cylinders,

Frequencies of loading for the corrosion-fatigue
tests of the cylinders and C-rings were in the range of 0.15
to 10 cpm. The load cycle included a hold~time at maximum
load to allow time for stress corrosion to occur. These tests
can be regarded as stress-corrosion tests in which the stress
was periodically removed. The corrosive environment was provided
by subjecting the specimens to a warm salt fog at l2-hr intervals.

In general, the lnvestigation demonstrated that stress-
corrosion cracking may occur under cyclic loading, especlally
at low frequencies, and that stress-corrosion and fatigue can
interact under certain conditions to produce failures in shorter
times and fewer cycles than for elther phenomenon occurring by
itself,

Overall, alloy 7075-T73 gave the best performance.
Stress-corrosion cracking did not occur in any T7075-T73
specimens in the various types of tests, and cylinders of this
alloy subJected to repeated loading to 80% of design stress
in a corrosive environment lasted 10 times as long as any forged
cylinders of 2014-~T6, 7075-T6, or 7079-T6. The three latter
alloys developed stress-corrosion c¢racks in these tests. The
premium cast CH70-T7 specimens also did not exhibit any stress-
corrosion cracking. In only one test did stress-corrosion
cracking ocecur in X7080-T7 specimens.




Electron mlcroscoplec examinatlon indicated faillures
to be elther pure stress corrosion, pure fatigue, one
followed by the other, or mixtures of the two, depending on
the alloy and temper, stress level, rate of c¢cycling, and
conditlions of exposure. Mixed mode fallures generally started
from stress=corrosion origins; apparently these cracks
propagated by stress corrosion where the gralns were favorably
orlented and by fatigue where they were not.

In tests 1ln laboratory alr the lowest fatlgue
strengths were those of the cast CH70-T7 cylinders; however, at
the higher stress levels in the corrosion-fatigue tests, the
lives of the cast cylinders were longer than those of the
wrought specimens whlch failed by stress corrosion. For alloy
7075=-T73 and X7080~T7 cylinders tested to 80% of design stress,
the fatigue lives were reduced by half as a result of intro-
ducing a hold time 1ln the fatigue cycle.

The majority of the fatligue and stress-corrosion
faillures of the forged cylinders occurred in the region of a
parting plane. However, the rolled rod stock, which does not
contain a parting plane, was only sllightly more reslstant
to corrosion~fatigue cracking than were the dle forgings.

The statlc stress-~-rorrosion tests of C-rings ranked
the alloys in the sarie high-low resistance categories as did
the stress-corrosion-fatigue tests of c¢ylinders; but, of
course, they could not predict the fatigue performance of the
alloys. Nelther corroslon-fatigue tests of axial-stress
specimens nor corrosion-fatigue tests of C-rings in the same
environments as the cylinders gave results which would have
predicted the performance of the cylinders. Recommendations
are made for improving the C-ring corrosion-fatigue tests.,

The crack sizes (fatigue or stress-corrosion cracks)
which were assoclated with unstable fractures of the cylinders
correlated well with the critical sizes predicted from
fracture-toughness tests.




SECTION III

MATERIALS

'1. Production

a. Rolled rod forging stock, 4-1/2-in. diameter, in alloys
7075, 7079, X7080 and 2014. This stock was produced at Alcoa's
Massena Works from 12 x 12-in. or 14 x l4-in. cast ingot. .
Processing was standard but extra ultrasonic inspection and
metallurglcal surveillance was practiced. All of the bloom
stock met contact uitrasonic inspection standards, in addition
35% of the 4~1/2-1in. diameter stock was inspected to Class A,
ASNT standards. No discontinulties were detected.

b. Die forgings made at Alcoa's Cleveland Works from a
portion of the L-1/2-in. diameter stock described above. The
shape selected (Fig. la) is a commercial dle forging, normally
made from U4-1/2-in. diameter stock. Its dimensions are such
that the desired cylinder blanks (Fig. 1lb) could be obtained
with a minimum removal of parting-plane structure. The die
forgings were ultrasonically inspected at Cleveland and found
to meet standards for aircraft forgings.

¢c. Premium strength cast cylinder blanks (Fig. 1lb) of
alloy CH70, an alloy simllar to %Ol and X201.0. These were

made and heat treated at Alcoa's Cleveland Research Foundry.

The dile forgings and rolled forging stock were
machined to cylinder blanks, 2.3 in. I.D. by 4.08 in. 0.D. by
18-in. (Fig. 1lb) at Alcoa's New Kensington Works. These were
heat treated and aged at the Alcoa Research Laboratories to
the specified tempers in accordance with recommended practices.

2. Tensile, Tear and Fracture Properties

Longitudinal and transverse tensile, tear and fracture
toughness specimens were taken from c¢ylinder blanks; the
transverse specimens were taken both across and 90° from the
parting line. The tensile and fracture toughness specimens werc
prepared and tested in accordance with ASTM Standard Methods
E8'#and E399%, respectively. The tear specimens were tested as
described in reference 3. The tear and fracture toughness
specimens are shown in Figs. 2 - 4,

*Numbers refer to references at end of report.
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Table I 1lists the results of the tensile-property
survey made on the test materlals. All alloys and products
met the minimum property levels,

The most sipgnificant criteria of toughness from the
tear (Table II) and fracture~toughness (Tables III and IV
for noteh-bend and compact tension specimens, respectively)
tests are the ratlos of tear strength to tensile yleld
strensth, the unit propagatlion energles, and the critical
plane~straln stress-intensity factors, K;_ . Clear comparisons
of the varlous alloys, tempers and produges on the basis of
some of these parameters are made difficult by two factors:
First, many of the tear specimens taken from the longitudinal
airection did not crack straight across the specimen (see
Fig, 5), so that useful values of the unit propagation energles
were not obtained in these cases. Second, because of the
limitations 1mposed on the thickness and fatigue cracking of
the fracture~toughness specimens, many of the values of K
obtalned were not technlcally valid values of K. . Candigate
values of K. are designated K., in accordance #fth ASTM
standard megﬁods, and thelir vaiidity checked before they are
desipgnated to be egqual to KIc'

However, broad comparisons among the various alloys,
tempers and products can still be made by utilizing all the
data together, and recognizing that some of the fracture
toughness data, though not technically valid, provide a
reasonable estimate of the true K, . In the latter regard,
those data from specimens which:(gﬁ were fatlgue cracked at
stress lntensltles slightly higher than the present limit, 1.e.,
at K. between 60 and 75% of K_ ; or (b) contained a crack
sliggtly longer than the preséﬁt limit were considered to be
meaningful values of K;_ , and are so designated in the tables.
These values were consIﬁered together with the entirely valid
data in appraising the toughness of the materlials. For those
tents from which the data were clearly invalld, it was
consldered that it was probable (though not certain) that the
true value of KI was higher than the calculated K.,. The
summary listing §r KI values in Table V was devel@ped upon
these bases, and was fised along with the tear test data in
developlng reneral ratings of the toughness of various alloys
and products.

Of the materials tested the 7075-T73 and X7080-T7
samples, particularly the lower strenpth reclled rod samples,
had the hirhest toughness of the group. There was not much
difference, however, between the toughness of the die forgings
of these materials (which had relatively high tensile yleld
strenpths) and the toughness of the 7075-T6 and 7079-T6 samples,

R




particularly in the transverse direction. Alloy 2014-T6 rated
lowest 1n all test directions for both rolled rod and die
forgings. The cast CH70~T7 samples showed less dlrectionality
than the other materials. 1In the longitudinal direction, alloy
CH70-T7 rated about on a par with alloy 7075-T6, but in the

transverse dlrection 1t had higher toughness than any of the other

samples.

With regard to test direction, all the wrought alloys
had higher toughness 1n the longitudinal direction than in the
transverse direction. For the die forgings, the toughness.in
the transverse direction across the parting plane was generally
lower than that away from the parting plane (X7080-T7 was an
apparent exception); the rolled rod thus has an advantage in not
having this lower-toughness 2zone.

The specific use of some of the fracture-toughness
data 1n analyzing the conditions under which fracture took
place at the conclusion of the fatigue tests 1s presented in
Section VI-9,
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SECTION IV

SPECIMENS

l. Preparation

The investigation was concerned primarily with tests
of two types of specimens taken from the 18-in. long cylinder
blanks: (1) cylinders of the dimensions shown in Fig. 6, and
(2) C=rings of comparable test section dimensions as shown
in Flg. 7. The dimensions of the die forged and cast cylinders,
shown in Fig. 6 and Table VI, were proportioned so that an
internal pressure of 8000 psi would produce maximum stresses
equal to 80% of the allowable design stresses, which are defined
as being 2/3 of the minimum transverse tenslle strengths. The
cylinders from rolled stock were made to tha same dimensions as
those from the forgings of the same alloy.

All machined c¢ylinders were subjected to ultrasonic
inspection and met the requirements for Class A - ASNT Standards
for wrought aluminum products. Inspectlions by fluorescent
penetrants did not show any significant surface defects.

A C-ring specimen (Fig. 7) for corrosion-fatigue tests
was cut from the end of each blank from which a c¢ylinder was
machined. The same specimen number was used for the two types
of specimens from a blank. Similar specimens for stress-corrosion
tests were cut from other c¢ylinder blanks. In the case of the
die forgings, the C-rings were oriented so that the parting plane
coincided with the section of maximum bending.

2. Resldual Quenching Stresses

Residual stresses were investigated in cylinders of
7075-T73, 7075=T6 and X7080-T7, whose quench water temperatures
were approximately 70F, 150F and 212F, respectively. Three
bonded resistance straln gages, each having elements in the
clrcumferential and axial directions, were located 120 deg.
apart around the circumference of each specimen. A 3=in. length
of cylinder, containing the gages at midlength, was 1solated
from the specimen. Thia section was bored out in stages and the
relaxed strains at the outer surface measured after each removal.
The corresponding residual stresses were determined by the
Sach's boring-out method".




Figure 8 shows the distribution of circumferential
and axial residual stress determined for the three specimens.
As expected, the lower the temperature of the quench water,
the higher the resldual stresses. The stress gradlents, all
varying from tension in the interlor to compression on the .
exterior, indicate that the bore surface was gquenched less
rapidly than the exterior. Residual stresses of these
magnitudes (circumferential stresses of 1-U4 ksi tension on the
inside and 1-4 ksi compression on the outside) should have
only a minor effect on fatigue performance.




SECTION V

PROCEDURES

1. Axlal-Stress Fatigue and Corrosion-Fatigue Tests

A common short-time method of evaluating relations
between fatigue and corroslion 1s to determine conventlonal
S-N curves, wilthout corrosion, and then to repeat the fatigue
tests in a corrosive environment. Specimens for these tests,
shown in Fig. 9, were of such a size as to be limited to the
longitudinal direction of the c¢ylinder blanks. The fatigue
tests were made 1n ambient air., 1In the corrosion-fatigue
tests the specimens were continuously 1lmmersed in an acidile
(pH 0.8) salt-dichromate solution containing 30 g/l potasslium
dichromate, 36 g/l chromic acid, and 3 g/l sodium chloride.
This electrolyte was selected because 1t causes rapld inter-
granular attack of alloys or tempers susceptible to this form
of corrosion without causing appreciable general surface
corrosion. The 5 kip Krouse fatigue testing machines utilized

for these tests operate at a speed of 1100 cpm.

2, Cylinder Fatigue Tests

New equipment and procedures were desligned for the
cylinder corrosion-fatigue tests. The c¢ylinders were closed at
the ends with threaded aluminum caps fitted with O-ring seals.
As 1s indicated in Fig. 10 they were enclosed in chambers so
that the exterior surfaces were in a controlled atmospheric
environment, with or without the addition of corrosive media.
The test chambers were mounted on racks as shown in Figs. 11
and 12, Provision was made in the racks for 39 specimens.

Internal hydraulic pressure was provided by an MTS
closed=-loop, electro-hydraulic loading system coupled to a
10,000 ps! capacity pressure intensifier. The pressure fluid
was 0il with a corrosion inhibltor added (MIL Spec. 052-600-0605).
Fressures in the system were monitored by a fluid pressure
transducer in the line supplying the specimens. The pressurization
system shut down by the loss of oil when a specimen falled.

In order to check the reliability of the cylinder-
fatipgue-test procedure, a static pressure-strain survey was made
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on one specimen, The results, Fig. 13, showed good agreement :
between measured and caloulated hoop tensions at the center N
of the oylinder over the full 8000 pai range of test preasures.

Both circumferential and longitudinal astresses at the end of ‘
the cylindriocal test section were greater than caloulated,

indicating a small stress concentration. : 1

The fluctuating pressures for the fatigue teats are
F controlled by a calibrated pressure cell located at the i 1
intensifier. For the sinusoldal loadings the pressures were '
applied at the maximum rate at which good correlation oould be ;
maintained between the measured stresses in a oylinder located ;
near the end of the line, the pressure oell reading at the end !
of the line and the preaaure cell at the intensifier. :

The volume of each cylinder was about 78 eu in. Sixty
cubic inches of this were taken up by a picce of aluminum rod, {
2-1/4 in, diameter by 15=1/2 in. long, placed in the cylinder ‘
cavity. This was done to reduce the required volume of hydraulie
fluiad.

Air, at a humlidity controlled generally to 50 +5% was \
circulated through the test chambers; control was acoomplished
using an Aminco Unit. It was deslred to ocontrol metal temperatures
to 85F to ensure condensation of the salt fog. However, oylinder
temperatures were influenced by room temperature and speed of
pressurizing, so that the metal temperature varied from 85 to
110F. Temperature variation in this range was believed not to

“have a major effect on the test results, A
a. Simulated Seaccast Environnment ' i

The simulated seacoast anvironment was provided by
fogging the test chambers at l2-hour intervals with a warm salt
fog. For one minute the test chambers were sprayed with a 115F
solution of 5% sodium chloride (NaCl) in deionized water
buffered to a pH range of U4-5. Air valves on the inlets closed
the chambers off during the salt fog and during a subsequent
seven-minute period of dralning and purging. For the remainder
of the 12-hour period, conditioned air, at a humidity of 50 +5§%,
was circulated through the chamber,

b. Loading of Cylinders Tested in Simulated Seacoast
Environment

To allow time for corrosive action to occur, the pressures
in the simulated seacoast environment were cycled at a frequency
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auoh that, for moat all ‘a, it would require alx montha or
more Lo acoumulate the number of leadinga which produced
fatigue fallure in the teata in laboratory air. The preasure
was held at maximum for 80% of the period and then cyealed,
using a alne type eurve, to minimum and baek to maximum, PFor
oxample, the hold time was 5,4 minutes per oyole for the
teata to 80X of deaign atrens. Theae teatsa oould alan Le
eonaldeded to be interrupted atresu=gorroaion teats,

L_Gyilnder Streau=Corronion Teatn

A limited inveatigation wans made of the airess=corroaion
oracking characteriatiaos of oylindera under conatant internal
preasure, Duplicate spacimena of 7075-T6 and 7075-T73 were
placed in teat chambera at the same time as the corrosion.
fatigue teats, but the hydraulic preasure was held aonstant
at 8000 pai by means of cheak valves,

4 - F esta

Figurea 14 and 15 ahow the apparatus developed to
conduct these teata. Provision waa made for testing 36 apecimensa
at one time, The ringa wore loaded to produce maximum tensile
stresses on the inside surface equal to the interior hoop tensions
applied to the oylinders. Bending streass-deflection relations
were determined for typical C=rings and these were used as a
basis for the machine loadings.

The moving parts of the mechanism are actuated by
amal) automobile brake aylindera., 01l pressure moves each
platon and the attached yokes as far as the preset stopa will
permit, In this way C=rings, attached to the moving yoke, are
strained to the desired level. A amall preload l\s mainta{ned
on the C=ring by a spring and when a ring oracks the resulting
drop in preload trips a timer, indicating the time to fallure.

Figure 16 shows relations between C-ring deflection
and bending streases on the seotion of maximum moment. The
intereating poeint to be noted is that the circumferential tension
at midwidth is 15 to 20% higher than at the edges of the specimen.
Although not indlicated in the figure, the stress distribution 1is
reversed on the outside surface of the C=ring, with the edge
stresses being higher, Thia situation, not covered by the usual
stress and deflection formulas, results from restruint of trans-
verse bow, Since the average measured bending stresses in Fig. 16
are in fair agreement with calculated values for a given ring
deflection, this relationship was adopted for loading the C=rings
for all flexural fatipue and stress-corrosion tests. This means
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that the midwidth 3tressea were higher, and the edge itresses
slightly lower, than the computed stresses.

The teata in vonditioned air, without salt=-fog
injeotions, were made aa rapidly as equipment permitted.
Under corroaive conditiona, however, the cyole times were
inoreased by the use of hold times as in the cylinder tests,

The C=ring tests diffored from the oylinder tests in
three important respects: (1) The teat surface of the C=ring
was 1/4 in. from the original forged surface while that of the
cylinder was about l/2 in, from this surface; aonsequently,
the C=ring had a more pronounced parting plane structure;.

(2) The C=rings were atressed by constant deformation and

the oylinders were atressed by constant load (pressure); thus,
in the C=rinp test the load tends to relax as cracks propagate
through the thickness, resulting in longer lives; and (3) In
the oylinder tests, the aimulated seacoast environment was
fairly uniform in the varlous test chambers; however, in the
C=ring tests the concentration of salt deposits varied along
the length of the chamber, and was fairly light on specimens
remote from the noreles, This latter behavior probably
acoounted for some of the scatter .in C-ring test results,
since triplicate C-ring specimens from & given alloy and product
were positioned at different locations relative to the nozzle,

2:_C-Ring Stress-Corrosion Tests

Because the C-ring is a standard stress-corrosion test
specimen appropriate for cylinder parts, tests of this type were
made on all alloys and products, The purpose of these tests was
to establish the stress-corrosion resistance of the test
materials and to investigate possible correlations betwe ~uress-
corrosion and corrosion-fatigue behavior. The C-rings were of
the same size as used in the fatigue tests. They were stressed
statically by means of threaded studs located on the C-ring
diameter. Expansion of the diameter induced tensile stresses
on the inner surface, as in the corrosion-fatigue tests. C-rings
were stressed to 80, 55, and 30% of the design stresses for the
different alloys.

The following exposures were used in the C-ring stress-
corrosion tests:

1. Simulated seacocast environment as described in
Section V.2.a, The lower two chambers on the rack of the C-ring
fatigue apparatus shown in Fig. 15 were used for this purpose.

12




2, Seacoast atmosphere at Alcoa's exposure station
at Point Judith, Rhode Is!ang. The Point Judith facilities,
faclng south into the Atlantic Ocean, are lccated 300 feet
from the water's edge on a rocky beach, a few feet above sea
level, Specimens face the ocean but are tilted 45° upward.

The specimena are inspected periodically for failures.

3. Alternate immersion in a 3.5% NaCl solution,
which is the most widely used test for many aluminum alloys
and therefore established a common reference datum, These
tests employed a 3.5% by weight NaCl solution made from reagent
grade salt and distilled water. The salt concentration was
maintained by frequent additions of water to compensate for
loss of water by evaporation., The pH was maintained within a
range of 6.7 to T.4.

The alternate-immersion cycle consisted of total
immersion of the specimens for 10 minutes each hour. For the
remainin% 50 minutes per hour the specimens alr dried at 75 to
80F and 45 to 50% relative humidity. The specimens were tested
for the standard exposure period of 84 days. They were inspected
dally for fallure,

13




SECTION VI

TEST RESULTS

1., Patigue and Corrosion-Fatigue Tests of Axlal-Stress Speclmens

The results of the fatigue tests of 1/8-in. thick,
longitudinal, axlal-stress specimens are presented in Table VII
and Flgs., 17 to 22. For reference, a scatter band reported for
axial-stress fatigue tests® of round specimens for the strongest
alloy, 7075-T6, is shown on each plot. Also, the average S-N
curve from Fig. 17 for 7075-T6 specimens tested in the acidic
salt-dichromate solution 1s shown on the plots for the other alloys.
For each of the wrought alloys the results for the specimens
tested 1n alr tend to cluster about the lower bound of the scatter
band, This 1s reasonable since 1t is common for rectangular
specimens to_glve lower results than round specimens in the range
of 109 to 106 cycles. The results for the rolled rod and forged
speclmens of the flve alloys are equivalent. For lives beyond
105 cycles the fatigue strengths of the cast CH70-T7 specimens
are half or less than the strengths of the wrought products.

Testing these specimens in the acidic salt-dichromate
solution dropped the fatigue strength of the wrought products by
50% or more. In this medium there is little difference between
the results for the sand castings and the wrought materials.
However, there does appear to be some advantage for alloys
7079-T6 and X7080-T7.

2. Fatligue Tests of Cylinders in Alr

The results of the fatigue tests of cylinders tested
in laboratory atmosphere with controlled humidity are listed 1n
Tables VIII to XIII and plotted in Fig. 23. Clearly, the cast
cylinders had the lowest fatigue strengths. There is substantial
overlap of the lives obtalned for the wrought cylinders stressed
to 80% of design stress, but alloys 2014-T6 and 7075-T73 showed
some advantage.

The maximum test pressure in the wrought cylinders
which did not fall in six million cycles to 3,000 psi (30% of
design stress) was increased to 5,000 psi; and for those cylinders
which did not fail in eight million cycles to that pressure, the
pressure was increased to 6,500 psi. To determine if the prior
stressing affected the life, one of the 7075-T6 and one of the
7075=-T73 cylinders, having such a history, were tested to failure

14




]

i at 8,000 psi. The lives of these specimens were greater than
those of virgln specimens of these alloys tested at 8,000 psi.
Obviously, the prior life was not detrimental. For the lower
test pressures alloy 7079-T6 had the shortest lives and 7075-T73
the longest.

r If the above comparlisons were made on the basis of
maximum net stress, as on a normal stress-cycle plot, the evaluation
would be altered somewhat. Because the sand cast speclmens were

the lowest stressed, the advantage of the wrought products would

be greater. The advantage of alloy 7075-T73 would be reduced

since 1t was the lowest stressed of the wrought alloys.

3. Statlec Stress-Corroslon Tests of Cylinders

. 'The two 7075-T6 cylinders subjected to hydrostatic
pressures of 8,000 psi (80% of design) failed by stress corrosion
after 7 and 8 days' exposure to the simulated seacoast environment.
One of these fallures is pictured in Fig. 24a. Nelther of the
7075-T73 ecylinders failed in 15 months. Thus, these tests confirm
that alloy T7075-T73 1s highly resistant to stress corrosion.

4, Stress-Corrosion-Fatigue Tests of Cylinders in Simulated
Seacoast Environment

As is listed in Tables VIII to XIII, both stress-
corrosion and fatigue failures occurred in the cylinders subjected
to repeated loading in the simulated seacoast environment. The
lives for the various alloys are compared in Tables XIV and XV
and in Fig. 25. For alloys 7079-T6, 2014-T6 and 7075-T6,
fallures occurred by stress-corrosion cracking at a pressure of
8,000 psi after fewer than 1/10 as many loadings as required to
cause fatigue failures in the tests in air. Thus, their lives
were much shorter than those of alloys 7075-T73, X7080-T7 and
CH70-T7 which falled by fatigue. The longest lives were for
alloy 7075-T73.

The fatigue lives of the T7075-T73 and X7080-T7 cylinders
pressurized to 80% of design stress in the simulated seacoast
environment are about half the lives of specimens tested in air.
Because the fallures of these specimens initiated on the inside
surface, the difference is obviously not a result of the salt spray.
Apparently, it is a result of the 5.4 min., hold time in the load
cycle., The fact that the one 7075-T73 cylinder pressurized along
with those being sprayed, but not itself sprayed, had a life only
slightly longer than those being sprayed adds credence to this
conclusion. The hold times did not reduce the lives of the cast

. cylinders. Many of the specimens subjected to the hold time at
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80% of design stress had multiple fatigue orlgins, whereas only
a single origin was visible in the fracture surfaces of the
wrought speclimens subjected to the uninterrupted sinusoidal

loadings.

Two of the (075-T6 forged cylinders pressurized to
50% of design stress failed at a 1life less than 1% of that
at which the slnuscldal tests were stopped without any fallure
of the 7075 specimens. The lives of most of the X7080-T7 cylinders
were also surprisingly short. Because the failures of these
short-lived specimens initiated on an 1inside surface, the short
lives must be a result of the load cycle rather than corrosion.
However, stress-corrosion cracking did occur in all three
cylinders from 2014-T6 forgings and in two of the 7079-T6
cylinders from rolled rod, At the longer lives, most of the
fatigue fallures initiated externally at corrosion pits. Four
of six 7075-T73 cylinders survived 1,000,000 or more pressuriza-
tions to this stress level; only one other specimen, a 2014-T6
cylinder of rolled rod stock, survived this many loadings.

Overall, the best cylinder performance in the
corrosion-fatigue, as well as air-fatigue tests, was obtalned
with alloy 7075-T73. Second rating should probably go to alloy
X7080-T7 because it was more resistant to stress-corrosion
than alloys 2014-T6, 7075-T6 and 7079-T6. The cast alloy would
rate ahead of alloys 7079-T6 and 7075~T6 in the corrosion-fatigue
tests.

The parting plane of the forgings was a common location
of fallure of the cylinders. Eighteen of 29 failures of the
forged specimens tested in laboratory air initiated in a parting
plane. For the forgings tested in the simulated seacoast
environment, the corrosion fatigue or stress-corrosion origins
were usually in a parting plane. Some of the specimens had many
stress-corrosion cracks in the region of the parting plane.
However, the rolled rod stock, which does not contain a parting
plane, was only slightly more resistant to stress-corrosion
cracking than were the die forgings.

5. Fatigue Tests of C-Rings in Air

The results of the C-ring tests in laboratory air
(50 +#5% humidity) are listed in Tables XVI to XXI and plotted
in Flg. 26. As for the cylinders, the CH70-T7 rings were the
only ones to fail at a stress of 30% of design stress; however,
at 80% of design stress the cast C-rings had lives as long as
most of the wrought specimens. Generally, the results of the
C-rings do not correspond very well with those of the cylinders.
Typically the lives of the C-rings were on the order of ten
times those of the cylinders though this ratio varied substantially
for different alloys. The X7080-T7 C-rings stressed to 80% of
design stress had extraordinarily long lives. However, shorter

16




H/M

lives were obtained at a stress of 65% of design stress for two
specimens which had previously been stressed to 30 and 50% of
design stress. An X7080-T7 specimen subjected to the same lower
stresses had a short life when stressed to 80% of designh stress.
The 1life of a 7075-T73 specimen having a similar load history was
. within the wide scatter of specimens stressed only to 80% of
design stress.

At stresses of 65% of deslgn stress the large scatter
in the 1lives for 7079-T6 and X7080-T7 rings encompasses the
relatively short lives of alloy 2014-T6 and the longer lives of

alloy 7075-T73.

6. C-Ring Stress-Corrosion Tests g

The results of the stress-corrosion tests of static- §
loaded C-rings are glven in Tables XXII to XXIV. A comparison :
of the stress levels resulting in fallures 1s made 1in Fig. 27
for the die forglngs and the casting and in Fig. 28 for the
rolled rod stock.

Because the C-ring speclmens were stressed in bending

to a constant deflection, it was possible that the occurrence

of many tiny cracks would cause sufficient stress relaxation

to prevent obvious, visible cracking. Consequently, specimens

that did not show visible cracks were examined metallographically

to determine whether or not they contalned minute cracks. Examples
. where metallcgraphic examination revealed minute stress-corrosion

cracks are shown in Figs. 29 - 31.

! These tests are significant from two aspects:

(1) they establish the resistance to stress-corrosion
cracking of the actual lots of material involved in the contract;

and

(2) they put the special environment developed for the
corrosion-fatigue tests in perspective with an actual seacoast
exposure and with a well known accelerated test medium,

a. Stress-Corrosion Resistance of Contract Materials

The results obtalned 1n all three environments are in
good agreement with prior experlence on the products and alloys
involved.
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Perhaps the obvious observation is that, for
susceptible alloys and tempers, the short-transverse grain
structure in the parting plane of die forgings is more critical
than is the less directional, transverse grain structure in
the rolled rod. This 1s indicated to some extent by failure
times in alternate immersion (Table XXII) but is more apparent
from the levels of stress causing faillures in the other two
environments (compare Figs. 27 and 28).

As expected, alloys 7075-T73 and CH70-T7 were the
most resistant to stress-corrosion cracking; even at the highest
stress no fallures occurred in any environment. The next most
resistant alloy was X7080-T7 for which the only failures were
dle forged specimens at the 80% stress level (34.6 ksi) in the
simulated seacoast environment (Fig. 27). It should be pointed
out that the alternate immersion test 1s not the most discriminat-
ing stress~corrosion cracking test for alloy X7080 and that three
to five years of atmospheric exposure are required to define
susceptiblility to stress-corrosion cracking with reasonable
confidence.

The other three alloys, 2014-T6, 7075-T6 and 7079-T6,
were susceptible at all stress levels in the alternate immersion
test and at the high stresses in the other two environments.

In the simulated and actual seacoast environments 2014-T6 was
slightly more resistant than the other two alloys.

b. Simulu:.23 “~acoast Environment

The intent ¢." the special acidic-salt spray environment
was to simulate, under reproducible laboratory conditions, exposure
to seacoast atmosphere, which 1is one of the most potent stress-
corrosion c¢cracking media of commonly encountered, natural environ-
ments. If successful, such a test medium has the advantage of:

(a) permitting frequent inspection of the specimens; and (b)
eliminating seasonal climatic variations.

The stress-corrosion cracking data on the static-loaded
C-rings (Tables XXII to XXIV and Figs. 27 and 28) show good
agreement between the stress levels at which failure occurred in
the simulated and natural seacoast environments; both of these
environments were somewhat less severe than alternate immersion.
It was hoped that the simulated environment would be somewhat
accelerated over the rnatural atmosphere. Unfortunately, the
inspection periods at the Point Judith station were not frequent
enough to provide a precise comparison. The ranges in fallure
times available, however, show appreciably quicker failures
in the simulated environment only for the 7075-T6 and 7079-T6
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die forged specimens at the 80 and 55% stress levels aind the
X7080-T7 and 2014-T6 die forgings at the 80% stress. For all
other cases, either no failure has occurred or failure times
are simllar.

It was hoped that the stress-corrosion cracking
failure times in the simulated environment would be such that
there would be opportunity for both stress-corrosion and
corrosion-fatigue mechanisms of fallure to be operative at
the particular loading cycles employed in the corrosion fatigue
tests. However, because stress-corroslon cracking fallure
times vary with both applied stress and alloy, thlis objective
cannot be attalned without adjJustment of the loading cycle for
individual alloy and stress conditions.

As shown by Fig. 32, the depth and extent of general
pitting attack in the simulated environment was similar to
that in seacoast atmosphere. In both these media numerous
shallow pits developed that resulted in a general roughened
or "weathered" surface condition. In contrast, the alternate
Immersion test caused deeper and discrete sites of attack.

7. Stress-Corrosion-Fatigue Tests of C-Rings in Simulated
Seacoast Environment

The results of the fatigue tests of C-rings in the
simulated seacoast environment are included in Tables XVI to
XXI and summarized in Tables XXV and XXVI. Alloy 7079-~T6
C-rings had the shortest lives at a stress of 80% of design
stress. The lives of the other alloys overlapped, with the
7075-T73 specimens tending to have the longest lives. The
lives of the CHT70-17 C-rings were longer than most of the
C-rings from the forgings and rolled rods. Generally, the
C~rings from the forgings had shorter lives than those of the
rod. The fact that most of the failures occurred in the
midwidth of the C-rings 1is consistent with the stress being
higher there than at the edges.

The reduction in life was less for the C-rings stressed
to 50% of design stress than for any of the other tests in the
salt spray. This is probably due to the fact that the hold time
(4.8 sec) was least for these tests. The lives of two of the
forged 7075-T6 specimens were within the scatter of results for
the specimens tested in laboratory ailr. The lives of the cast
specimens were shorter than those of all but two wrought specimens.
Alloys 7079-T6 and 7075-T6 would rate lowest of the wrought alloys
in these tests.
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8. Comparison of Stress-~Corrosion Tests

Table XXVII compares the time tc produce stress-
corrosion fallure in several types of tests. For the rolled
rod specimens, and to a lesser degree for the forged specimens,
the times required to produce failure in the corrosion-fatigue
tests of C-rings were generally less than those of the statically
loaded C-rings tested 1n the same environment.

Figure 33 1s an interaction diagram, which compares
the stress-corrosion, corrosion-fatigue, and fatigue results
for the 7075-T6 and T7075-T73 cylinders pressurized to 80% of
design stress. The polints on the horizontal line are the
results of fatigue tests in laboratory air, which were run at
20 cpm; the dliagonal line is for the stress-corrosion-fatigue
tests in the simulated seacoast environment, and the vertical
line shows the results of static stress-corrosion tests in the
simulated seacoast environment. The advantage of alloy 7075-T73
in the simulated seacoast environment 1s obvious. As was
discussed previously, the 7075-T73 cylinders tested at 0.15 c¢pm
falled from the interlor surface so the reduction in 1ife for
these specimens was apparently a result of the hold time in the
cycle.

Figure 34a shows a similar plot for the T7075=-T6 C-rings
and cylinders. The fatigue llives obtalned for the cylinders and
C-rings tested in laboratory alr overlap but in the stress-
corrosion tests the C-rings lasted several times as long as the
eylinders. Surprisingly, the 7075-T6 C~-rings tested at 1.5 cpm
in corrosive environment did not suffer any reduction in fatigue
life. More typical behavior is shown in Fig. 34b for 7079-T6
C-rings and cylinders.

As noted on Fig. 3l4a and 34b, a 7075-T6 C-ring and a
7079=-T6 C-ring that were inspected after failure showed evidence
of both stress-corrosion and fatigue, whereas the cylinders that
were likewise inspected gave evidence only of stress corrosion.
This difference 1s consistent with the different rates of loading
used, as reflected by the location on the chart of the lines
corresponding to the cylinder and C-ring tests. For a given
time of exposure, the cylinders were not subjected to as many
fatigue cycles.

There are other differences between the c¢cylinder and
C-ring test conditions which may account for the lack of
correlation in the test results. For one thing, as mentioned
previously, the cylinders were tested under constant load while
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the C-ring test was a constant deformatlon-type test, so that

the load (stress) relaxed as a crack propagated through the
thickness. In addition, the state of stress was not the same

in the two tests: 1n the cylinder the ratio of hocop to
longitudinal stress was 2:1; while 1In the C-ring the hoop stress
was about 6 times the transverse stress. Also, the entire
periphery of the cylinder was stressed uniformly while only a
small area of the C=ring was stressed to the maximum level. This
1s believed to be significant because salt buildup occurred
predominantly on upward surfaces and the region of maximum stress
in the C-rings was 1n the vertical plane. Finally, the salt
bulldup was not uniform in the C-ring test chambers. A
modification of the C-ring equipment to provide more uniform wetting
of the specimens would be desirable.

9. Fracture-Mechanics Analysis of Cylinders

Of the 102 cylinders subjected to cyclic loading in
various environments, complete fractures of the entire 8-in.
length of test section were obtained in 71. In these a fatigue
or stress-corrosion crack, or a combination of the two grew in
size to the point where unstable crack growth resulted in fracture.
Table XXVIII shows the shape and measured principal dimensions
of the cracks in specimens tested in alr. This type of data,
together with the average hoop tenslons producing fallure and the
average transverse values of K from Table V, were used to
analyze those fractures which Egok place by unstable crack growth.

The fracture-mechanics analysls was made using the
procedures described in Ref. 6. The stress intensity at fracture, ¢
KIf’ was calculated from the relatlonship

Kip = (1.1) T 0/a/Q (1) i

where o = average (through-the~-thickness) gross-section
clrcumferentlial stress 1n the c¢ylinder wall at
maximum pressure, ksi

a = maximum depth of part-through crack at in-
atability, in.

Q= ¢ -0, 212(———)
%ys

¢ = complete eliptical integral of the second kind
in which a/2¢ 1s the argument
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9vs = tenslle yield strength, xsi
20 = maximum length of part=through erack, in.
By assuming that K., should be equal to the known value of K;.,
Efo iak

the fracture oondi ns ocan be predicted for a particular or
size or operating streass, as either:

K
o4 = i (D), or (@)
K
Ig :
c = — 7. (3)

1
(1.21n a/Q)

The caloculations were based on the assumption that the
analysis of part-through oracks under plane-strain conditions
was appropriate. It is recognized that the analysaia i3 not
strictly applicable in many ocases becaus® the depth of the arack
exceeded one-half the wall thickness; where this ocourred, the
ligament between the craok tip and the opposite wall was probably
too thin to maintain plane-strain conditions, hence, some type
of mixed mode or plane-stress fallure would be expeoted., Another
simplification was the use of the average stress on the wall; it
1s recognized that the circumferential streasses were not uniform
through the wall thiockness and, in fact, stresses at the inner
surface may have been as much as 30 per cent greater than those
at the exterlor surface. Finally, no correction factors were
applied to compensate for other geometrical effeots (l.e.,
bending curvature, or multiple cracks). These simplifications
are controversial to some extent, so the raw data for the wrought
alloys are included in Table XXIX.

The results of the analyses are shown in Table XXIX.
In general, the values of stress intensity at fracture, K £
agreed reasonably well with the KIc values, independent o§ the
nature of the cracks. Average KIr values ranged from l4 per ocent
below to 14 per cent above the KI values, with individual values
from 28 per cent below to 31 per-8ent above K o:. While the K.,
values were about evenly split above and beloa the K values;
there was a trend for the K £ value to be below K ;ﬁen the
cyclic stress was relativel} low, and above KI° whén the cyclia
stress was relatively high.

Overall, these computationr indicate that the fracture-
mechanles analysis does a falr job of analyzing the conditions
under which fractures developed in these cylinders, particularly
when one considers that prior to the advent of fracture mechanioe
there was no analytical way to make such calculations. The
differences observed may be related as much to problems in
measuring K., accurately® as to shortcomings of the analysis.
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An additional point to be made ia the fact that no
unatable fracturea developed for CH70=T7, the alloy with the
highest indioated tranaverae fracture toughness (K,. = 33 kai/IR.);
inatead failures were by leakage from through ornciﬂ. The
computed atresa intenaitiea, k,, for aome of theso oracks were
about 30 kni/TR. Thus the fact'that no unatable fractures developed
i1s further aupport for the usefulneas of K,, to judge whether
fracture wnuld be expected by leakage or uﬁielblo fraoture,

. Metallosrachie Examinations

Metallographic examinationa of selected aanmples were
made: (1) to detrrmine the type of fallure} (2) to charaocterise
the various fracture modea; and (3) to autermine the degree of
interactlion between fatirue ana corroaion as represented by dvhe
featurea of fracture aurfacea, Thla work invelved viaual
examinatior , light microacope examinationa of sectiona polished
and etol wy eonventional prooedures, transmiasion electron
microscope (TEM) examinationa using the atandard oxide replica
technique, and direct examlnation of fracture aurfacea with the
foanning eleotron microscope (SEM). Examinations were concerned
primarily with ovlinder and C-ring specimens exposed to the
simulated aeacoant environment. Some examinations were made
of oylinder specimena fatigued in air, and special compariasona
were made to dotermine the effects on fracture appearance of
apeoimen life in the aorroaion=fatigue test.

4. Cylindera Exposed to Simulated Seacocaat Environment

—l b

The group of specimens selected for examination conaiated
primarily of corroaion=fatigue specimens from forgings and rod of
7079=T6, 7075-T6 and 2014«T6 alloya, forged X7080~T7 and cast
CHT0=T?7. Fracturea, extending the iull ength of tlie teat aection,
occourred af'ter only a small portion of the cross seotional area
had been penetrated (Fig. 24), With 7079-T6 aeylinders, failures
initiated on the outer surface and resulted from the development
of a aingle arack (Fig. 38). There was a gradual transition from
the cracked region (slow fracture) to the region of rapid tension
failure (fast fracture) (Fig, 39). In 2014-T6 and 7075-T76
aylinders, in which fracture alse initiated on the outer aurfuve,
the fraasture aurface included many oracks, and the areas of alow and
fast fracture could be readily diaeinguiahod (Fig. 40), With these
two alloys, there were also many small auxiliary cracks adjacent
and parnllel to the main fraocture (Figs. 4l and 42). Fractures
in the X7080-T7 and CH70-T7 samples initiated on the inner surface
ordtgg cylinders and appcared aimilar to those shown in Figa. 37
an ',

Light miocroscope examinations were made as an aid in
eatablishing the fracture type in ocylinders from 7079=T6, 7075-T6
and 2014-T6 forgings. Little information could be gained from
eross sections of the fracture surface and, since the 7079-T6
apecimens had no auxiliary cracks, the failure of 7079-T6 could
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not Le diagnosed by thia means., With the 2014=T6 and 707576
oviinders, however, sectiona of auxiliary oracka indicated the
fraocture mode. In both 2014=T6 and 707%=-T6 apecimens auxiliary
oracks followed an intergranular and inturfragmentary path and
had no tranagranular aﬁments which would suggest fatigue
oracking (Miga, W3 and 44), In addition, the auxiliary oraoks
followed the directionality of the miorostruoture which waa at
4 aonaiderable angle to the direation of maximum stresa. These
featurens are atrong indication that the failurea were primarily
the reault of atresa corrosion.,

Examinations were alac made of seotiona of the
auxiliary oracks in the 7075=T6 cylinders atreaaed under constant
preanure and exposed to the aimulatad seacoast environment
(stresa-gorroaion test)., These oracks also developed along
intergranular and interfragmentary pathe and followed the
direotionality of the microstructure (Fig. 45). The similarity
Letween thesde cracks and those in the corrosion=fatigue .oylinders
indicated that failures in the corrosion-fatigue teat were
primarily the result of stresa corroaion rather than fatigue.

Light mioroscope examinations were also made of croass
seotiona of auxiliary oracks in oylinder specimens from 707%5-T6
and 2014=T6 rod (there were no auxiliary cracks in 7079=T6
apeoimens)., All oracks followed intergranular or interfragmentary
paths (Fig., 46)., While the orack path was the same in speaimens
from forgings and rod, orack propagation was more difficult in
the rod material because the pronounced miorostruotural
directionality of the forging was abaent. This accounts for the
longer lives encountered with specimens from rod when the
failure mode was stress-gorrosion oracking.

In addition to the visual and light mioroscope
examinationa, fracture surfaces in the slow=fragture rqgion were
examined with the scanning eleotron microscope (SEM). In oylinder
apecimens from forgings and rod of 7079=-T6, 7075-T6 and 2014-T6
from the corrosion-fatigue tests and of forged 7075«T6é from the
streaa=gorrosion test, all fractures had a faceted appearance
characteriatic of streas corrosion, with oracks and corrosion
penetrating along grain and fragment boundaries (Figs, 47 - 50).
A thorough search was made of the slow fracture reglona of these
corroajon-ratigue specimens, looking partiocularly for striations
and other featurea indicative of fatigue fracture. None were
found, Thus, the oracking was by the stress-gorrosion mode until
the aamgle oould no longer sustain the load and sudden fallure
oagcurred.

Fracture in the X7080-T6 cylinder, which initiated on
the inner surface, was characterirzed by a distinet ray pattern
at the initiation point and striations in other areas of the
slow=Cracture region (Fig., 51) both of which are charasteristioc
of fatigue failure. Fraotures in CH70-T7 also initiated on the
inside of the aylinder and was, therefore, of the fatigue type,
although tvpleal fatigue markings were not prominent,
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In a further characterization of fracture appearance,
apeoimens from forgings of 7079=T6, 7075-T6 and 2014-T6 subjected
to the fatigue and corrosion-fatigue test and of 7075-T6 exposed
to the stress-corrosion test (constant load) were examined with
the TEM, using oxide replica techniquesa, For the corrosion-
fatigue specimens, the slow=-fraocture region had a faceted
appearance of the type shown in Fig. 52. This was in sharp
gontrast to the dimpled surface seen in the fast-fracture reglon
(Fig. 53), which is charanteristic of tensile fracture. It also
differed greatly from the striation patterns characteristic of
the fatigue fractures (Fig. 54). The slow-fracture region of the
T7075=-T6 specgimen in the stress-corrosion test also showed the faceted
appearance (Fig, 55), This confirms the conclusion that the
fallures of these cylinders in the corrosion-fatigue test were
solely of the »*ress=gorrosion variety.

b, Cylinders Exposed to Simulated Seaccast Environment
at _50% of Design Stress

Metallographic examinacions were mande of the fracture
of cylinders of all products in which fallures initlated on the
outside (7079 rod and forgings of 2014-T6 and 7075-T6), and of
7079=T6, T075-T6 and XT7080-T7 cylinders having inside fracture.
origina. The fracture of the shortest iived 201li-T6 specimen
had a granular appearance throughout the slow-fracture region,
and auxiliary cracks fcllowed an intergranular path (Fig. 56).
Fallure was theref'ore of the stress-corrosion type. The fractures
of a 7075=T6 and two 7079-T6 cylinders had a granular appearance
at the crack initiation point (Figs. 57 and 58) but ray patterns
(Fig. 57) and striations elsewhere, It was concluded that these
failures were of the fatigue type, initlating at stress-corrosion
oraaks, The failures of some of the longer lived specimens

initlated at corrosion pits.

The cylinders having inside origins were of 7079-T6,
7075=-T6é and X7080-T7. All had ray patterns from the origin as
well as fatigue striations away from the origin and were typical
fatipgue fractures. Thelr appearance was of the type shown in

Mg, 51,

¢. C=Rings Exposed to Simulated Seacocast Environment at
80% of Design Stress

Metallographic examinations were also made of C-rinﬁ
specimens from forgings of 7079-T6, 7075-T6, X7080-T7 and 2014-T6
alloys. As has been described previously, these specimens were
taken so that the most highly stressed region in the C-ring was
at the parting plane of the forging. Thus, the stress was in the
short transverse direction with respect to the microstructure,
the most critical situation as regards stress-corrosion cracklng,
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Scanning electron microscope examinations of fracture N
surfaces showed a purely stress-corrcsion fracture in the one
sample of 2014~-T6 examined., The fracture initiation region had
a very granular appearance and the ray pattern that has been
generally characteristic of fatigue was absent (Fig. 59a),
Elsewhere, the faceted appearance and intergranular penetration
typlcal of stress corrosion was evident (Flg, 59b),

In contrast, fracture surfaces showed a very definite
mixture of fracture modes in 7079~T6, 7075-T6 and XT7080~T7 alloys.
At the fracture initlation points, ray patterns characteristic of
fatigue fracture were apparent but they were frequently rather
indistinct and had a granular appearance (Fig. 60a). In areas ‘
primarily in the early fracture region, but not exclusively in i
such reglions, areas having the distinct features of stress- :
corrosion cracking were apparent (Fig. 60b). In other regions, :
generally more prevalent toward the end of the slow-fracture v :
region, the striation patterns typlcal of fatigue were found, . o
(Fig.60¢). Thus, at high magnifications, there were no visible o
indications of interaction between the two fracture modes. The . - e
change in the appearance of the ray pattern at the fracture o _—
initlation point, however, 1s definite evidence of interaction. = ! o

Additional evidence of the mixed-fracture mode was 1 ' b
seen in light microscope cross sections of auxiliary cracks in , ' o
C-rings of 7075-T6 and X7080-T7. These examinations were : |
complicated by the fact that the alloys were unrecrystallized and i :
either fatigue or stress-corrosion cracks would develop in the
same general direction. At relatively low magnification (Fig. 61) the o
mixed modes are suggested, and at higher magnification, separate L . i
areas in which cracking followed intergranular and transgranular R
paths were observed. : o

d. C-Rings Exposed to Simulated Seacoast Environment at
_50% of Design Stress

Metallographic examinations in this group were concerned
only with the stress-corrosion-susceptible alloys 7079-T6, T075~T6
and 2014-T6. In the 7079-T6 specimens examined, considerable o . i
corrosion of the fracture surface made diagnosls uncertaln. It
appeared, however, that fallure was of the mixed-mvde type, as had : |
been the case at the hlgher stress level. With the 7075-Té and i {
2014-T6 specimens, failures were definitely of the mixed~mode type,
showing an indistinct ray pattern near the origin and separate
areas of intergranular faceted fracture and fatigue striations.
Appearance was similar to that shown in Fig. 60.
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e, Cylinders Fatligue Tested in Alr

In the fatlgue tests of cylinders in laboratory alr
at 50% relative humidity, it had been expected that failures
would initiate on the inner surface because the stress was
apprecliably higher there than on the outer surface. In & number
of specimens, however, fallure inltiated on the outside surface.
SEM examinations were made to compare the surfaces of fractures
initiating on the outer and inner surfaces. Fractures originating
on the inner surface were characterized by ray patterns at the
origin and pronounced striation patterns (Fig. 62). Some of those
originating on the outer surface showed the same characteristics,
indicating that they were of the fatigue variety and had presumably
initiated at a stress ralser. Other fractures originating on the
outer surface had a granular pattern at the origin and no semblance
of a ray pattern (Flg. 63a). Away from the origin, however, these
fractures showed the pronounced strliations characteristic of
~ fatigue (Fig. 63b), Thus, cracks of this type were substantially
fatigue cracks having a stress-corrosion crack as thelr origin.

f. Effect 'of Cycle Rate and Waveform in Fatigue

Earlier 1n this report it was pointed out the hold
perlod at maxlimum stress and the rate of cycling had an apparent
effect on fatigue life. SEM examinations were made to determine
whether this difference was reflected in fractographic features.
For this comparison, two 7075-T73 c¢ylinder specimens, both of
which had failed from an inside origin, were selected. One had
been stressed sinusoldally at a rate of 20 cycles per minute;
the other had been stressed at 0.15 c¢ycles per minute with a
hold time at maximum stress of 5.4 minutes on each cycle. The
appearance of the fractures at the origin and at approximately
equal distances away from the origin 1s shown by Fig. 64. There
is indication that the ray and striation patterns are more distinct
with the combination of slower cycling rate and hold time, although
more samples would have to be examined to determine whether this
was the general case., Measurements indicate a somewhat faster
propagation rate for the slow rate-hold time comblnation. This
difference in striation spacing 1s roughly proportional to the
fatigue lives of the specimens (22,000 vs 39,000).

g. Effect of Specimen Life in Corrosion-Fatigue Test on
Fracture Appearance ' ‘

In the corrosion-fatigue tests of c¢ylinders stressed to
80% of design stress, most specimens of the stress-corrosion-
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susceptible alloys 7079-T6, 7075-T6 and 2014-T6 failed after
relatively short lives. All those examined falled by a purely
stress~corrosion mode. To answer the question of whether
fracture appearance differed with test 1ife, special examinations
were made of two cylinders from 2014-T6 rod naving lives of 1573
and 18,920 cycles. The slow-fracture region of the short-lived
specimen had a granular faceted appearance throughout, similar

to that shown in Fig. 48. The long-term failure had primarily
the same appearance, although because of the longer exposure,

the grains near the origin were heavlly pltted after the stress-
corrosion crack had passed (Fig. 65a). Near the outer edge of
the slow-fracture reglion, however, and just before ultimate
failure, a few areas of fatigue striations were observed (Fig. 65b).
While the two types of failure were found on this fracture, no
interaction of one failure mode with the other was observed

and the failure was judged to be of the stress-corrosion type.

h. Possibie Stress-Corrosion-Fatigue Fallure Mechanisms

The mixed mode fallures suggest one mechanism by which
stress-corrosion and fatigue can interact in a corrosion-fatigue
test. A number of fractures initiated as stress-conrrosion cracks
and then changed to the mixed-moile type. These were' characterized
by regions having the features of either stress corroslion or fatigue
without any other distinctive features that could be attributed to
the combination of the two. Other investigations® have shown that
the propagation of stress-corvosion cracks is highly dependent
on the directionality of grain structure with respect to the
stressing direction. Combining these observations suggests that
the mixed mode cracks were stress-corroslon cracks as long as
a favorable grain orientation was avallable. When a reglon having
unfavorable boundary orientation was encountered, the stress-
corrosion c¢crack would be stalled while 1t sought favorably oriented
structure to either side of the difficult area. This would
increase the local stress on this area and, with the cyclic
stressing, fatigue action would breach the obstacle. Once the
unfavorably oriented area had been passed, stress-corrosion
cracking could resume.
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SECTION VII

CONCLUSIONS

The corrosion-fatigue and stress-corrosion performance
of several high strength aluminum alloys was Investigated by
tests of hydraulic cylinders, C-rings and axlal-stress fatlgue
speclilmens. Speclimens were prepared from forgings and forging
stock of alloys 2014-T6, 7075-T6, 7075-T73, 7079-T6, and X7080-T7
and also from premium cast alloy CH70-T7. The cyclic loads of
the cylinders and C-rings in the corrosion-fatlgue tests were
in the 0.15 to 10 cpm frequency range and lincluded a hold time
at load to allow time for stress corrosion to occur. The
investigation led to the following principal conclusions for the
tests in the corrosive environment.

1. In general, it was demonstrated that stress-
corrosion cracking may occur under cyclic loading, especilally
at low frequencies, and that stress corrosion and fatigue can
iInteract under certain conditions to produce fallures 1n shorter
times and fewer cycles than for elther phenomenon occurring by
itself.

2. Electron microscope examlnation 1ndicated fallures
to be either pure stress corrosion, pure fatigue, one followed
by the other, or mixtures of the two, dependlng on the alloy and
temper, stress level, rate of cycling and conditlions of exposure.
Mixed mode failures generally started from stress-corrosion origins.
Apparently, these cracks propagated by stress corrosion where the
grains were favoratly oriented and by ratigue in other areas.

3. Overall, alloy 7075-T73 gave the vest performance;
no stress-corrosion fallures occurred in thls alloy. The lives
of forged cylinders loaded by cyclic internal pressure to 80% of
design stress in a simulated seacoast environment were at least
10 times as long for 7075-T73 as for alloys 2014-T6, 7075~T6, and

7079-T6.

4, Stress-corrosion cracking did not occur in any or
the premium cast CH70-T7 specimens. Alloy X7080-T7 also
demonstrated good resistance to stress-corrosion cracking, with
no fallures of this kind occurring under most test condltlons.

5. All but one of the cylinders of alloys 2014-T6,

7075-T6 and 7079-T6 that were cycled to 80% of design stress
developed stress-corrosion failures. Stress corrosion also
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occurred in some of the lower stressed cylinders and many of
the C-rings of these alloys.

6. The static stress-corrosion tests of C-rings
ranked the alloys in the following decreasing order of
resistance to stress-corrosion cracking:

(1) 7075-T73, CH70-T7 (no failures)
(2) X7080~T7 (some failures at 80% of design stress)

(3) 2014-T6, T7075-T6, T079-T6 (susceptible at
30, 55, and 80% of design stress)

This is also the general ranking obtained in the stress-corrosion-
fatigue tests of cylinders except that alloy X7080~T7 ranked ahead
of CH70-T6 in the cylinder tests.

7. Although the corroslon-fatigue tests of coupons
did not rank the alloys 1n the same order as that obtained in
the stress-corrosion~fatigue tests of cylinders, the results
of thls 1nvestigation suggest that for glven service loading
conditions a useful laboratory test using coupons could be
developed.

The following observations,although not having a direct
bearing on stress-corrosion-fatigue behavior, are also of interest:

1. Reducing frequency of loading and introducing a
hold time at load reduced by 50% or more the fatigue lives of
the wrought cylinders which falled by fatigue action. However,
the difference in load cycle did not appear to affect the lives
of the cast cylinders.

2. The fatigue faillures of some of the 7079-T6
cylinders tested using sinusoldal loading in laboratory air
appeared to develop from stress-corrosion cracks.

3. When tested in air, alloy CH70-T7 generally had
significantly lower fatlgue strengths than the wrought products,
even though it performed better in stress-corrosion-fatigue than
several of the wrought alloys.

4, For the die forgings the fracture-toughness values

obtained in the transverse and longitudinal directions for alloys
7075-T6 and 7079-T6 were almost as high as those of 7075-T73
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and X7080~T7. Alloy 2014-T6 rated the lowest from a fracture-
toughness standpoint. For transverse specimens the fracture
toughness of the alloy CH70-T7 was higher than that of any of

the wrought alloys.
5. The crack sizes (fatigue or stress-corrosion

crack) which were associated wlth unstable fracture of the
eylinders correlated well with values predicted from the

fracture-toughness tests.

6. In the statlic stress-corrosion tests the simulated

seacoast environment proved to be qulte similar to actual
seacoast atmosphere both as regards the stress levels causing

fallures and the extent of general corrosion.
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SECTION VIII

RECOMMENDAT IONS

The results of this investigation serve to emphaslze
the complex nature of the stress-corrosion, corrosion and
fatigue interaction. It is proposed that additional work be
done to provide more informatlon on the stress-corrosion-
fatigue behavior of hligh-strength aluminum alloys, as follows:

1. Additional tests of cyllinders should be made to
£111 in some of the gaps in the results for the alloys evaluated
in this investigation. These should include tests under a steady
stress 1n a stress-corrosion environment of alloys 2014-T6,
7079-T6 and X7080-T7, for comparison with the results of
stress-corrosion-fatigue tests reported herein. Additlonal
cylinder tests should be made at higher loadlng rates in the
corrosive environment to obtain more information on the inter-
action of corroslon and fatigue. The effect of loading rate
on fatigue strength in laboratory air 1is alsc in question as
a result of this investigation, and some additional tests
should be made to provide further data on this point. Finally,
a few tests should be made at different hold-times under stress
in the fatigue cycle to determine whether the time to stress-
corrosion fallure under intermittent loadlng depends more on
the time under stress or the total time in the corroslve
environment.

2. Because the corrosion-fatigue tests of cylinders
appeared to be effective 1in rating alloys in regards to
performance of hydraullic cylinders in a relatively mild saline
environment, additional tests of this nature should be made to
evaluate new forging alloys such as 7175-T736, 7049-T73 and
MA15-TT7X.

3. The test of C-rings should be modified to
provide more uniform specimen exposure and to obtain more
rapid stress corrosion, with reduced local corrosion. With
these alterations C-ring tests should provide an economical
method of seeking answers to some of the following basic
nuestions regarding the stress-corrosion-fatigue interaction:

A. What effect does the interaction of stress-

corrosion mode of fallure and fatigue mode
of fallure have on:
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{1) Relationship between stress and cycles to
fallure 1n fatigue tests?

(2) Relationship between stress and time to
fallure 1n stress-corroslion tests?

In what range of cycllic loading conditions
will stress-corrosion cracking occur?

W1lll some condltlons of c¢ycllc loading lower
the threshold stress for stress-corrosion
c¢racking obtalned 1n statlc tests?

What effect does aging treatment have on above
factors?
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Cross-section through C-rin% from 2014-T6 rod stock, stressed to
80% of design stress after U4 days' exposure to alternate immersion

Many short stress corrosion cracks of the type illustrated were
found. (X100)

Higher magnification of region outlined above more clearly showing
the intergranular nature of the cracking, which is typical of
stress-corrosion cracking in aluminum alloys. (X500)

STATIC STRESS-CORROSION CRACKING OF C-RING FROM 2014-T6 ROLLED ROD
STOCK IN ALTERNATE IMMERSION TEST
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Fig. 29




a Cross-section through C-ring from 7075-T6 rod stock, stressed to
80% of design stress after 44 days' exposure to alternate immersion.

Many short stress corroslion cracks of the type i1llustrated were
found. (X100)

b Higher magnification of region outlined above more clearly showing
the intergranular nature of the cracking, which 1s typical of
stress-corrosion cracking in aluminum alloys. (XSOOX

STATIC STRESS-CORROSION CRACKING OF C-RING FROM 7075-T6 ROLLED ROD
STOCK IN ALTERNATE IMMERSION TEST '
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Fig. 30




Cross-section through one of the C-rings from 7075-T6 die forging
stressed to 30% design stress after 293 days' exposure to the simu-
lated seacoast environment. These rings were removed from test
because of exfoliatlon 1in the test region but microscopic examination
showed small stress corrosion cracks were also present. (X100)
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Higher magnification of reglon outlined above showing the crack 1is
following an intergranular path, which 1s typlcal of stress-
corrosion cracking in aluminum alloys. (X500)

STATIC STRESS-CORROSION CRACKING OF C-RING FROM 7075-T6 FORGING
IN SIMULATED SEACOAST ENVIRONMENT

e
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Fig., 31
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TIME UNDER STRESS IN SIMULATED SEACOAST ENVIRONMENT, t, DAYS
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TIME UNDER STRESS IN SIMULATED SEACOAST ENVIRONKENT, t, DAYS
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FRACTURE OF 7079 -

T6 CYLINDER NO, 7 RESULTING FROM FATIGUE CRACK

»

PROPAGATING FROM QUTSIDE SURFACE (WALL THICKNESS 0, 306 IN

35

Fig.
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FATIGUE CRACK
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FRACTURE OF 7075 T73 CYLINDER NO, 7 RESULTING FROM FATIGUE CRACK
PROPAGATING FROM INSIDE SURFACE (WALL THICKNESS 0.350 IN,)

72 Fig. 36
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Fig.

FAILURES OF CH70 —T7 CYLINDERS RESULTING FROM FATIGUE CRACKS

PROPAGATING FROM INSIDE SURFACE (WALL THICKNESS 0,364 IN,)
73
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| Single initiation site in Fig. 38 at higher
magnification, showing gradual transition from
slow-fracture to fast-fracture reglon (X5).

Figure 39

Multiple cracking sites and difference in
appearance of slow and fast-fracture reglonsg
characteristle of 2014~16 and 7075=T6 cylinders
bnocorrosion-ratligue test (X5).

Flgure 40

78




Multiple auxiliary cracks adjacent to main
fracture in 7075-T6 corrosion-fatigue specimen (X30).

Figure 41

Multliple auxilliary cracks adjacent to main
fracturc in 2014-T6 corrosion-fatigue specimen (X30).

Figure 42

76




Intergranular and interfragmentary path of
one of the auxiliary cracks (Fig. 42) in 2014
cylinder in corrosion-fatigue test (X500).

Figure 43

T6

Intergranular and interfragmentary path of
auxiliary orack (Fig. 41) in T7075-T6 cylinder
from corrosion-fatigue test (X500).

Figure 44
77




Intergranular and interfragmentary path of

auxiliary ecrack in 7075-T6 cylinder from stress-
corrosion test (X500).

Figure 45
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7075-T6

2014-T6

. e Cross sections of auxiliary cracks in cylinders
R from rod exposed to corrosion-fatigue test (X500).
B Figure U6

79




' Scanning electron micrograph (SEM) of fracture
surface in slow-fracture region of 7079-T6 cylinder
in coriosion-fatigue test (X1000).

Figure 47

-

SLM of fracture surface in slow-fracture region of
2014-T6 cylinder in corrosion-fatigue test (X1600).

Figure 48
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SEM of fracture surface in slow-fracture region or
7075-T6 cylinder in corrosion-fatigue test (X900).

Figure 49

SEM of fracture surface in slow-fracture region of
7075-T6 cylinder in stress-corrosion test (X1000).

Figure 50

81




a Ray pattern at origin (X70)

| b Fatigue striations (X2600)

SEM of slow-fracture surface (inside origin) of
cylinder from X7080-T7 forging in corrosion fatigue test.

Flgure 51
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Transmission electron micrograph typical of

fracture appearance in slow-fracture region

of 7079-T6, T075-T6 and 2014-T6 cylinder in
corrosion-fatigue test (X15,000).

Figure 52
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¢ylinders 1in corrosion-

Figure 53
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EM2570

'TEM showing striations typical of fatigue
failure in slow fracture region of cyllnders
in corrosion fatigue test (X15,000).

Figure 54
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——

B 3ey

TEM showing faceted appearance of
8low-fracture region of 7075-T6 cylinder
in stress-corrosion test (X15,000).

Figure 55
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Figure 57 Granular appearance at origin and
adjoining ray pattern (X50).

4

Pigure 58 Granular appearance at origin (X500).

Fracture appearance typical of 7079-T6
and 7075-T6 cylinders in corrosion fatigue
test at S50% of design stress.
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a Granular appearance at origin (X50)

b Faceted appearance and intergranular
penetration (1000X).

SEM of fracture of C-Ring from 2014-T6
forging exposed in corrosion fatigue test,

Figure 59
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-T6

7075

a

-T7

X7080
b Cross sections of auxiliary cracks in C-Rings

indicating mixed fracture mode (X100),.

Figure 61
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a Ray pattern at origin (X60)

b Fatigue striations (X2400)

SEM showing appearance typical of fractures
having inside origin in cylinder
subjected to fatigue in laboratory air.

Figure 62
92




& Granular appearance at origin (X280)

b Fatigue astriations (X2400)

SEM showing appearance of fracture having
outside origin in oylinder subjected to
fatigue in laboratory alr.

Figure 63
93
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4 Intergranular penetration and pitting
on grain surfaces (X850),

p Fatlgue strlations near end of
slow-fracture region (X1300).

SEM of freoture surface of cylinder from
2014=T6 rod having leng life in
corroslion-fatigue test.

Flgure 65
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TABLE VITI.

RESULTS OF FATIGUE TESTS

GF HYDRAULIC CYLINDERSE
Alloy 707%-T6

Deseription of Failure

Fatigue Loadln Max.
Environment Cylinder Spec. Pressure, Freq. Strens, No., of Type Initiation Position(ujr Parting
Stock No. psi cpm ksl Cycles Plane
Maximum Stress « 80% of Design Value
Lab Air(l) Die forged 6 8,000 20 37.9 22,800 Fatipue Inside - No
8 " " " 31,800 Fat lpue " - Yes
9 " " " “0,800(r) Fatigue " - Yes
5 " " " 68,300'7’ Fatigue " - Yes
log-mean=-11fe 31,100
Seacoast<2) Die forged 1 8,000 0.148 37.9 889 SCC(6) Outside 2:00 Yes
2 " " " 1,169 sce " 2100 Yeu
3 " " " 1,457 el " 10:00 Yeu
log~-mean-11fe 1,150
Seacoast Rolled A 8,000  0.148 37.9 2,760 sce (o) Outssde 1:00 -
B " N " 6,570 sce " 10:30 -
c " " " 14,490 ratigue Inaide 11:00 -
log-mean-11ife 6,410
Maximum Stress = 65% of Design Value
Lab Alr Cie forged 4 6,500 48 30,8 533,100 Fﬂcigue(b) Outside - Yes
7 " " " 2300 Fatipue Inside - No
log-mean-11fe 11,000
Maximum Stress = 50% of Design Value
Lab Air Die forged 'L 5,000 48 23,7 8,000,000 None -
o4 " " " " " -
74 " " " " " -
Seacoast e forged 10 5,000 3 23.7 213,590 ECC-Fablgue(b) OQutside L:30 Yoo
11 " " " 60,500 Fatigue o, Inside 1:00 Yes
12 " " " _?1.%00 Fatigue -’ Inside 9:30 Yeou
lop-mean-11fe »100
Seacoast Rolled D 5,000 3 3.7 931,100 Fntigue(ﬁ) Outside(g) 7T:30 -
E " " " 115,900 Fatipue 1nside 5:00 -
3 " " " 16,200 Fat true " 10330 -
log-mean=15 e 207,000 1
Maximum Streas » 308 of Design Value
Lab Afr Die forged 4 3,000 60 1h,2 6,052.610 None -
" ol " [ -
; " " " " " - {
(1) Circulating latoratory air at 50 ¢5% relative humidity, :
(2) Specimen enclosures subjected to lemin, Injections of warm salt mist at 12<hp fntervals, For balance of time specimens
were exposed to circuluating laborstory afr as In (1),
(3) For tests in laboratory alr hydraulle pressure gycled sinunoldally between minimum pressure of 00 to W60 pat and
maximum {ndicated. For tests {p seacoast enviponment presiure held ab maximum indicated for 80% of cyele time,
then dropped sfnusoldally to mipimum of P60 to 400 psd,
(4) For tests in sescoast enviponment, salt bufldup and corrosion pradyct wias hegviest on top stde of speelnen (y t, 3 3
o'clock position). -
(%) Not included in lop mean 1ife, 3
() Based on wctallographic examinatiun, others on visual appesrance, r¥
{%) artein art 2orrosion pie
$lpecimens baa prior Josding hintory, as {ndicateq, :
E
¥
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TARLE 1), REANLTE of PATEANE CRATA oF HYDRAULLe VL INRRAR

S I 1Y+ SN ,

SRR = TG i =rTe SRR . EBHL EEs.OT

= - "“ * A
2 . N..‘ [RE T mx Mwﬂmmmxi e T

Environment \sllmor Apeo, Mﬂ«i’"ﬂ. % T Atpemn, Hu, we Tipw wu Tt Pantbiun rﬂnu
NS '] 11 T W— N

1T S SURUINRNG | | WS | | IS |} - SO —
Maateua formancy A0) o f Perlon Yalue
) . .
Lab Alp Die lorged Y LISTRIY] \ LLIY | \ e Pabigue (s Duksldei?) 3 You
R Y . A 165 Pavimels]  Taates . !
L] " " . Patlgue Aubaide v N»
loguasan=life 18,000
lueout"’ Die forged ) LIS 1} CIRLE 15,8 L1:] 460 Butalde Nat peeAFied You
‘ " L] L) ..‘ na\ L L] L] "
’ L] L] " ua a” L] L} "
logsasunciife 0o
Aeacoast Rolled A 8,900 LY . !0 IQQQ:‘ ﬂu\,\ﬂo Hev iooﬂvﬂtd -
[ " " " § Agey *
] " . " ace » IREL ) .
log=moan=1ife 1,150
HIAL!II.E&:ﬁ!l.JLJiﬁl.ﬁl.ﬂllAlnn!llﬂl
Lab Aty Uie forged A0 5,000 23,4 Qi Fatigus dukalde () - You
" ' Y 4 ’ 192080 Pubimue Inalde . h
’ " * . 3]1‘323 Farigue Outaide 8 Yo
\ngst eARe )i fe 19%,900
Seacont Die foprged 10 %,000 3 29,010 Parigue ) Inaide [2R L] Ne '
1 N S )0 Faslgus » 8102 TNy
1 * " §9,000 Pabiue . V00 '
logennansiife LINLT . K
Seacoast Rolled [ %,000 * ) g. 40 lh‘\auo\,) Qulalde ;; Nnog - é
» " “ 9 Pavipue utalde 9100 - Y
[+] ® " " Patigue Inaide 10100 ~ é
i Iog-measlt fo 12,710 4
§
Mapiowe dtreps ® 308 of Npalgn Yaluw
Lab Aty Die forged ) 1,000 60 14,0 6,080 610 None .
§ " " " " "
6 " u n w " -

(1) Clroulating laboratory air at %0 #5% relative humiglty,

(2) Specimen enclosures aubjeoted to l=min. .njeations of warm Aalt mdat at lé=hr latervala,  ©oe balanes of Aine apedisena
were exposed to circulating laborat - ry »'» an in (1),

(3) For teats in laboratory alr hydreulic pressure cyoled alnuuotdulx! botween MIALWUA pPreasure o‘ 200 10 8OO .\ and
maximum indiouted. MFor teata In asacoast erviponment presaurs held at maximum tadjoated for M0F of oyele 1-0. then
dropped sinusoldally to minlsum of 200 tu 40O pal,

(&) ror testo {n neagoast environaent, aalt 'ulidup and corrosion pruduct wan heavieat on top alde of apesolmen (9 %o )
o'clock position),

(6) Based on metsilugraphie examination.
(7) Initiation poasibly from streagwcorresion crack. .

*Specimens had prior loading history, am tndicated.

AR R A Lo I i i e 0
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TABLE XVIII. RESULTS QF FATIGUE TESTS OF C-Hings
ALLOY X7080-77

Fracture lLocation

Fat!gua Louding “Distance {rom
Spec. ax. rena req. No. ol Maximum Moment, y
Environment  Stock Ho. kad epm - Cycles Degrees Position

Remarks

Maximum Stresg = 80% of Design Value
Die Approx

Lab Alr Forged k1L 34,6 36 125,500 /] 0‘5“ from
edge
38 " " 2,681,800 5
37 " " 3.253.300 4]
19 " " 8 400 [}
. Log-mean-1ife '  T,267, .
Seacoant Die 32 34,6 1-1/2 34,800 [
Forged 3§ 3 : 33.Egg g
3
Log-mean-11fe %?ffﬁﬁ
Seacoast RoJled B 34,6 1-1/2 100,809 20
S - S
Log-mean-11fe TZ‘G',‘D'O’G
Maximum Stress = 65% of Design Value
Die Approx
Lab Aflr Forged 36¢ 28.1 26 ) 86,800 (4]
35¢ " " 3,128,100 0
! Maximum Stress = 50% of Design Value
, Die Approx
Lab Air Forged 340 21.6 16 10,788,000 " None
. 358 " " " "
3’6' " " " [
Seacoast Die Lo 21.6 10 1,879,700 0
: Forged u2 " " 1,965,900 0
“1 " " Q 5
Log-mean-1ife 2,020,000
Seacoast Rolled D 21.6 10 2,327,100 0
g " " 2,353,400 15

" " 4.100,00 None
Log-mean-11ife 2.%20,000

Maximum Stress = 30% of Design Value

Mixed SCC and fatigue

pprox ]

Lab Afr Die 34 13.0 36 2,462,600 None

F‘orged 15 " " " W

36 " " ' " "
Notes
(1) Circulating laboratory air at 50 + 5% relative humidity.
(2) Specimen enolosures subjected to l-min. injections of warm salt mist at 12-hr. intervals.
specimens were exposed to circulating laboratory air as in (1),
(3) Minimum atress in oyocle approximately 0.4 ksi.
(4) PFallure origins within central half of spacimen unless noted otherwise.
]

Specimen had prior stress history as indicated,

For balance of time
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TABLE XXVIII

RESULTS OF FATIQUE TESTS OF HYDRAULIC CYLINDERS
IN NONCORROSIVE ENVIRONMENT

Cylinder Descrigtion of Fatigue Crack (¢}
Max. Test Cycles to Point o ax. ax. ape

Dimensions,in,
Alloy Product 0.0, Wall Spec. Stress Failure Initig- Depth, Length,
and No. kst tion(a) a,in. 2c,in.
‘Pemper
7075-T6 Die Forging 3.101 0.300 7 30.8 88,290 In 0.23  o0.64T8
i 30.8 505,100 Out-P 0,28 0.96——‘@
g 37.9 ai.ego %n 3.23 0.26@
37.9 31,760 In-P 17 o1}
g 37.9 40,760 In-P 0.20 0.58&3
5 37.9 68,260 In-P 0.15 0. by ———En}
7079-T6 Die Forging 3.113 0.306 4 23.4 89,590 Out-P  0.31  0.85{S02Y
5  23.4 149,900 In(b)  0.30  0.77peec AN
6 23.3 587.520 Out-P 0.22 0.6% =
7 37. 3560 Out-F 0.1 0.38 —% 2}
8 7.4 27.860 In-P 0.19 0.5
9 37.4 38,110 Out 0.20 0.50——f 7}
X7080-17 Die Forging 3.161 0.330 6 21.6 1,361,500 InwP 0.30 0.9
4 28.1 780.630 1In 0.27 0.82@"7‘
5 28.1 147,560 Out 0.31  0.92
8 34.6 12,070 In-P 0.19  0.6l=———tn}
7 3.6 20.680 In 0.21  0.65EA
9 34.6 41,760 In-P g.22  0.63——ACEI}
2014-T6 UDie Forging 3.177 0.338 5 21.4 2,176,800 Out 0.30 1.07
: - 7 27.8 97.480 1In 0.20  0.48—0
i 27.8 219,240 Out-P 0.24 0.7}
8 34,2 46,050 In-P 0.17  0.h4 {3
10 34,2 65,530 In-P 0.20 0.50{a
9 34.2 87,160 In 0.18  0.64 =}
7075-T73 Dle Forging 3.201 0.350 6 26.8 5,311,800 In-P 0.25  0.84iCoEN
1 26.8 . 7,001,500 == No Failure °
7 33.0 39,280 In 0.26  0.876C>S
8 33.0 48,790 In~P 0.23  0.70 =)
9 33.0 49.560 In-P 0.28  0.80iCuEN
5 33.0 57,310 In 0.23 0.8 2———1f0NF
CH70-T7  Premium 3,229 0.364 5 12.0 649,800 In(b)  0.36 0.8
: Casting 6 12.0 714100 1In(b)  0.36 0.9k {0}
1 12.0 904,000 In(b)  0.36 0.89%
g 32.0 10,170 In o.3g 1.29———-
‘ 32.0 10,370 In 0.2 1.65
9 32.0 10,970 In(¥)  0.36 1.20-5-—-@?‘

(d) "In" or "Out".refers to interior or exterior surface of specimen;
-P indicates failure in parting plane of die forgings.
(¢) Patigue cracks penetrated outer surface, stopping test, but there was no general failure,.
Specimens No. 7 and 8 of CH70-T7 developed cracks 5 and 6-1/2 in. long, vespectively.
In all other cases the fatigue cracks led to general instability failure, with
splitting over entire length of test section.
(?0 a = max. depth of fatigue crack through thickness of cylinder wall.
2¢= max. length of fatigue crack, normal to "a" direction
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hold times at load of as much as 5.4 minutes. Corrosive environment
was provided by a warnu salt fog at 12 hour intervals,

Alloy 7075-T73 rated best in the corrosion-fatigue tests; no
stress~rnorrosion cracking occurred in this alloy, and the lives of
forged cylinders subjected to repeated loadings to 80% of design
stress in a corrosive environment were at least 10 times as long for
this alloy as for forged cylinders of alloys 2014-T6, 7075-T6, or
7079-T6. Fractographic examination showed that stress-corrosion
eracking as well as fatigue cracking occurred in alloys 2014-T6,
7075-T6, anc¢ 7079-T6 in the stress-corrosion-fatigue tests. The
investigaticn demonstrated that stress corrosion and fatigue can
interact under certain conditions to produce failures in shorter
times and fewer cyclss than for either phenomenon occurring by itself.
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